The transport of branched-chain amino acids in Streptococcus thermophilus was energy dependent. The metabolic inhibitors of glycolysis and ATPase enzymes were active, but the proton-conducting uncouplers were not. Transport was optimal at temperatures of between 30 and 45°C and at pH 7.0 for the three amino acids leucine, valine, and isoleucine; a second peak existed at pH 5.0 with valine and isoleucine. By competition and kinetics studies, the branched-chain amino acids were found to share at least a common transport system. Streptococci are nutritionally fastidious bacteria. They need amino acids and peptides for good growth. Studies on the transport of these kinds of substances by streptococci are very limited. Ashgar et al. (2), Brock and Moo-Penn (8), and Mora and Snell (17) have studied the uptake of neutral amino acids by Streptococcus faecium, and Seitz and Hochster (21) have studied the uptake of L-valine by Streptococcus diacetylactis. More recently, Rice et al. (20) have studied the transport of glycine, leucine, and some peptides that contain these amino acids by Streptococcus lactis. Moran (18) has done experiments on the permeation of branched-chain amino acids in Streptococcus agalactiae.
The transport of branched-chain amino acids in Streptococcus thermophilus was energy dependent. The metabolic inhibitors of glycolysis and ATPase enzymes were active, but the proton-conducting uncouplers were not. Transport was optimal at temperatures of between 30 and 45°C and at pH 7.0 for the three amino acids leucine, valine, and isoleucine; a second peak existed at pH 5 .0 with valine and isoleucine. By competition and kinetics studies, the branched-chain amino acids were found to share at least a common transport system.
Streptococci are nutritionally fastidious bacteria. They need amino acids and peptides for good growth. Studies on the transport of these kinds of substances by streptococci are very limited. Ashgar et al. (2) , Brock and Moo-Penn (8) , and Mora and Snell (17) have studied the uptake of neutral amino acids by Streptococcus faecium, and Seitz and Hochster (21) have studied the uptake of L-valine by Streptococcus diacetylactis. More recently, Rice et al. (20) have studied the transport of glycine, leucine, and some peptides that contain these amino acids by Streptococcus lactis. Moran (18) has done experiments on the permeation of branched-chain amino acids in Streptococcus agalactiae.
For several years, we have been studying the amino acid and peptide requirements of Streptococcus thermophilus. These bacteria are used in the production of yogurt in association with Lactobacillus bulgaricus. Acid production in milk is enhanced through the addition of a mixture of glutamic acid, histidine, and methionine (5, 7) or peptides that contain them (6) . On the contrary, isoleucine inhibits the souring, except when leucine and valine are present. The transport of amino acids by S. thermophilus has not yet been described. Therefore, in this work, uptake of the branched-chain amino acids has been initiated to determine whether antagonism between these compounds could be found in the transport system. MATERIALS AND METHODS Microorganisms. S. thermophilus CNRZ 302 was obtained from the laboratories of the Institut National de la Recherche Agronomique and has been used in previous studies (5, 6 (20) and Moran (18) suggested.
Samples of 400 ,ul were removed at the indicated intervals and rapidly filtered through 0.45-,um membrane filters (type HA, 25-mm diameter; Millipore Corp., Bedford, Mass.). The filters were immediately washed with 0.4 ml of the incubation buffer from the same syringe and then with three 5-ml portions of the buffer at room temperature. The filters were dried and placed in scintillation vials containing 10 ml of ACS liquid (Amersham Corp., Amersham, England) and counted with an Intertechnique SL 4000 liquid scintillation counter.
In competition experiments, a mixture of labeled substrate and unlabeled amino acids, equilibrated at 42°C, was added at zero-time incubation. Uptake was compared with that of the control, which contained no competitor.
In inhibitory assays, the inhibitors were added 5 min before zero-time incubation; they were prepared as indicated by Moran (18) .
Chemicals. L-[4,5-3H]leucine, L-[3,4_3H]valine, and L-[U-14C]isoleucine were purchased from Radiochemical
Centre, Amersham, England. The L-amino acids, dinitrophenol, p-chloromercuribenzoate, N,N'-dicyclohexylcarbodiimide, fluoride, and iodoacetate were obtained from E. Merck AG. Carbonyl cyanide-m-chlorophenyl hydrazone was from Serva, Heidelberg, West Germany, and N-ethylmaleimide was from Calbiochem, La Jolla, Calif. Valinomycin, oligomycin, 2-heptyl-4-hydroxyquinoline-N-oxide, and adenylylimidodiphosphate were obtained from Sigma Chemical Co., St. Louis, Mo.
RESULTS
Energy requirement. After preparation and stabilization, the cells were unable to take up the amino acids without an exogenous source of energy; only a small uptake due to passive diffusion could be observed. In the presence of glucose, good uptake of the three amino acids was noted. In Fig. 1 , we give results for isoleucine. The difference between the amount of labeled amino acids accumulated in both the presence and the absence of glucose has been taken to represent the amount of branched-chain amino acids actively transported into the cell.
Effect of metabolic inhibitors on uptake. The effect of various metabolic inhibitors on the uptake of L-isoleucine and L-leucine was tested to study the relationships between energy and transport. As the results were identical, we used isoleucine as an example (Fig. 2) . Three reagents Effect of pH and temperature. The uptake of branched-chain amino acids was tested by varying pH and temperature. For the three amino acids tested, uptake reached a maximum at around pH 7.0. Another peak could be observed at pH 5 for valine and especially for isoleucine (Fig. 3) . Branched-chain amino acid transport was optimal at between 30 and 45°C; it then decreased rapidly at temperatures >50°C (Fig.  4) .
Competitor studies. The specificity of the transport was investigated by studying the inhibitory effect of unlabeled amino acids competing with the uptake of labeled substrates. The uptake of radioactive amino acids was measured in the presence of a 10-fold excess of unlabeled amino acids (Table 1 ). The L-branched-chain amino acids strongly inhibited each other, but they were only slightly or not at all inhibitory in the D-form. DL-Norleucine was also a competitor. The uptake was partially inhibited by Lphenylalanine, L-alanine, L-threonine, and Ltyrosine. L-Cysteine was inhibitory, but cystine was not.
Kinetic studies. As the uptake decreased very quickly, kinetic studies were made at 15 s and 1 min. Double-reciprocal plots gave a straight line, indicating that the uptake follows typical Michaelis-Menten kinetics. The line of best fit was performed by using a least-squares linear regression. At pH 7 only one straight line was obtained with valine and isoleucine, and it was biphasic with leucine. Kinetics constants (Table 2) were determined by assuming one transport system for valine and isoleucine and two for leucine. The apparent Km values were identical for uptake at 15 s and 1 min, but Vmax values decreased very rapidly.
DISCUSSION
The transport of branched-chain amino acids did not occur without an exogenous source of energy. This indicated that S. thermophilus cells did not possess endogenous energy stock. This result was very similar to those obtained with Escherichia coli (1, 9) , S. lactis (20) , and S. agalactiae (18) . It differed from results obtained with S. faecalis and S. faecium for the uptake of neutral amino acids, in which a significant uptake existed without glucose by exchange with the intracellular pool of amino acids (2, 8) .
Two modes of coupling energy to amino acid transport are possible (4). In the first, discovered by Berger (3), ATP or a metabolite derived from ATP is used directly as an energy source.
In the second mode, the generation of a proton motive force is necessary and is in accordance with the theory of Mitchell (16 >50°C . This indicated that this strain of S. thermophilus is slightly thermophilic. Branched-chain amino acid uptake was similar to the growth curve of the bacteria; for example, it is different from that of 0-galactosidase, whose optimum was around 50°C (13) . That good uptake existed at <25°C could explain the minimum growth curve observed (10) . In the case of valine and isoleucine, two enzymatic systems existed because two optimum pH values could be noted: one at pH 7.0 and the other at around pH 5.0. This was true also for uptake of valine by S. diacetylactis cells (21) and for active transport of glycine by slow variants of S. lactis C10 (20) .
Competition studies suggested that at least a common transport system exists for the uptake of branched-chain amino acids. The system apparently had little affinity for the D-isomers of leucine, isoleucine, and valine but had some for the unnatural DL-norleucine. Uptake was somewhat inhibited by L-threonine, L-alanine, Lphenylalanine, and L-cysteine; these findings are very similar to those reported for E. coli (11, 19) , Salmonella typhimurium (15), and S. agalactiae (18) , but a difference exists because the methionine seems to be a competitor for these microorganisms and not for S. thermophilus. Inhibition of uptake by L-cysteine but not by L-cystine Kinetics studies at pH 7.0 also revealed that a common transport system exists for the three amino acids and, in addition, they showed a specific constituent for leucine. The results obtained with leucine were identical to those reported for S. agalactiae (18) and E. coli (1), for which biphasic curves have been obtained. Apparent Km values were similar to those given for S. lactis (20) but were different from those of E. coli (1) or S. agalactiae (18) .
For S. agalactiae (18) , the inhibitory effect of isoleucine in milk (5) is probably due to a competition between branched-chain amino acids for a common transport system.
